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Chordoma is a rare, slow growing malignant tumor arising from remnants of the fetal notochord. Surgery is the first 
choice for chordoma treatment, followed by radiotherapy, although postoperative complications remain significant. 
Recurrence of the disease occurs frequently due to the anatomy of the tumor location and violation of the tumor margins 
at the initial surgery. Currently, there are no effective drugs available for patients with chordoma. Due to the rarity of 
the disease, there is limited opportunity to test agents in clinical trials and no concerted effort to develop agents for 
chordoma in the pharmaceutical industry. To rapidly and efficiently identify small molecules that inhibit chordoma cell 
growth, we screened the NCGC Pharmaceutical Collection (NPC) containing approximately 2800 clinically approved and 
investigational drugs at 15 different concentrations in chordoma cell lines, U-CH1 and U-CH2. We identified a group 
of drugs including bortezomib, 17-AAG, digitoxin, staurosporine, digoxin, rubitecan, and trimetrexate that inhibited 
chordoma cell growth, with potencies from 10 to 370 nM in U-CH1 cells, but less potently in U-CH2 cells. Most of these 
drugs also induced caspase 3/7 activity with a similar rank order as the cytotoxic effect on U-CH1 cells. Cantharidin, 
digoxin, digitoxin, staurosporine, and bortezomib showed similar inhibitory effect on cell lines and 3 primary chordoma 
cell cultures. The combination treatment of bortezomib with topoisomerase I and II inhibitors increased the therapeutic 
potency in U-CH2 and patient-derived primary cultures. Our results provide information useful for repurposing currently 
approved drugs for chordoma and potential approach of combination therapy. 



Introduction 

Chordoma is a rare, slow growing malignant tumor arising from 
remnants of the fetal notochord, an embyological structure that 
guides the growth of the bony skull and spine. 1 Chordomas occur 
predominantly at base of the skull, in the vertebral bodies and 
the sacrum. 2 The annual incidence rate of chordoma is approx- 
imately 1 in 1000000 per year in the United States 3 and the 
median survival is 7 years. 3 

Initial treatment of chordoma is most commonly surgical 
removal of the tumors, which may result in significant periop- 
erative morbidity and long-term sequelae. 4 Radiation therapy 
is often used postoperatively, but proximity of the tumor to 
vital structures frequently prevents delivery of sufficiently high 
radiation doses and causes heterogeneous coverage of the target 
volume. 5 Currently, no effective drugs are available to treat chor- 
doma, although increasing knowledge of the molecular biology 
of chordoma may lead to future targeted therapeutics. 6 

To identify and repurpose currently approved drugs that 
inhibit the growth of chordoma, we screened approximately 
2800 clinically approved or investigational drugs from the 
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NIH Chemical Genomics Center Pharmaceutical Collection 7 
in a quantitative high-throughput screening (qHTS) format. 8 
U-CH1 9 and U-CH2 10 cell lines were used in the screening 
because they are immortal tumor cell lines derived from human 
chordoma with typical characteristics of chordoma tumors at 
molecular (Brachyury expression) and morphological (physalifer- 
ous cells) levels. 10 From this study, we have identified several small 
molecule drugs that have a cytotoxic effect on chordoma cell lines 
and primary human chordoma cell cultures. The combination 
treatments of these drugs in U-CH2 and primary chordoma cell 
cultures showed increase of the drug potency. These findings sug- 
gest that these drugs may be repurposed for chordoma treatment. 

Results 

Drug screen to identify potential novel chemotherapeutics 
for chordoma. To search for small molecule drugs that inhibit 
chordoma cell growth, we screened the NPC library of 2816 
drugs for inhibition of cell viability of U-CH1 and U-CH2 
cell lines using a qHTS format. The non-neoplastic chordoma- 
derived cell line CCL4 was tested in parallel as a counter-screen 
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to identify compounds that are selectively 
cytotoxic against U-CH1 and U-CH2. The 
primary screens using cell viability assay 
(CellTiter-Glo) in these 3 cell lines performed 
well in all 34 plates, with average Z' factors" 
of 0.75 ± 0.09, 0.67 ± 0.05, and 0.82 ± 0.04 
for U-CH1, U-CH2, and CCL4 lines, respec- 
tively. The signal to background ratio was 21.2 
± 3.6, 32.7 ± 1.6, and 28.5 ± 5.9 for U-CH1, 
U-CH2, and CCL4 lines, respectively. The 
concentration response curves of potassium 
dichromate and staurosporine, used as posi- 
tive controls, were performed in each plate to 
monitor plate-to-plate variations during the 
primary screening. Both control compounds 
replicated well across all the plates with aver- 
age IC 50 values of 2.54 ± 0.95 |xM, 2.48 ± 
0.39 |JlM, and 3.31 ± 1.01 pJVt for potassium 
dichromate and IC, 0 values of 2.61 ± 1.21 
(jlM, 9.89 ± 2.00 |xM, and 6.19 ± 3.44 |xM for 
staurosporine in U-CH1, U-CH2 and CCL4 
lines, respectively. These results suggest the 
robustness of the screen. 

Based on potency and selectivity, mode of 
compound action and compound availability, 
35 compounds, including compounds with 
novel mechanisms of action and some com- 
pounds in clinical use or trials for cancer, were 
selected for further study. Powder samples of 
these compounds were purchased from com- 
mercial vendors and tested in U-CH1 and 
U-CH2 viability assays (Table 1). Among 
these compounds, bortezomib (Fig. 1A) 
was the most potent with IC 50 of 10 nM, 
followed by 17-AAG (0.11 |xM, Fig. IB), 
digitoxin (0.21 |xM, Table 1), bleomycin 
(0.22 lxM, Fig. 1C), staurosporine (0.23 |xM, 
Fig. ID), digoxin (0.27 |xM, Fig. IE), rubi- 
tecan (0.32 (jlM, Fig. IF), and trimetrex- 
ate (0.37 |xM, Fig. 1G) in U-CH1 cells. 
However, most compounds tested were less 
potent or efficacious in U-CH2 cells than in 
U-CH1 cells (Fig. 1), except for oxypheni- 
satin (Fig. 1H). Two cardiac glycoside drugs, 
digoxin and digitoxin, had similar inhibitory 
effect on all the cell types (Table 1). 

Effect of chordoma inhibitors on cas- 
pase 3/7 activity. Apoptosis of cancer cells 
is known to play a critical role in modulating 
their sensitivity to chemotherapy. Anticancer 
agents including tumor necrosis factor-related 
apoptosis-inducing ligands eventually kill 
cancer cells by inducing apoptosis. 12 To study 
the mechanism of drug action on the inhibi- 
tion of chordoma cell growth, the apoptosis inducing potential of 
the drugs was investigated. Caspase 3/7 activity was measured in 
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Figure 1. Concentration response curves of chordoma inhibitors in U-CH1 (■) and U-CH2 cell 
lines (a). Cell viability was measured after the cells were incubated with various concentra- 
tions of bortezomib (A), 17-AAG (B), bleomycin (C), staurosporine (D), digoxin (E), rubitecan 
(F), trimetrexate (G), oxyphenisatin (H), MG-132 (I) and trichostatin A (J) for 48 h. Data are 
expressed as mean ± SD from 3 to 5 experiments. 



U-CH1 cells after compound treatment at 5, 16, 24, and 48 h. 
Among the compounds tested (Table 2), bortezomib was the 
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Table 1. Compound potency (^.M) in cytotoxicity assay in U-CH1, U-CH2, and CCL4 cells 



Name 


U-CH1, IC50, |xlVI 
(% inhibition) 


U-CH2, IC50, \M 
(% inhibition) 


CCL4, IC50, \>M 
(% inhibition) 


Mode of action, inhibitor 


17-Allylamino-geldanamycin 


0.11 ±0.03 


1.17 ±0.77 (18%) 


0.89 (29%) 


Heat shock protein 90 


Acidum bromebricum 


32.77 ±2.22 


Inactive 


Inactive 




BEZ-235 


2.29 ±2.9 


0.18 ± 0.22 (21%) 


Inconclusive 


PI3 kinase and mTOR 


BIBX 1382dihydrochloride 


12.08 ±0.79 


62.64 ± 27.49 


Inactive 


EGFR tyrosine kinase 


Bleomycin 


0.23 ± 0.05 (42%) 


Inactive 


Inactive 


Glycopeptide antibiotic 


Bortezomib 


0.010 ±0 


4.16 ±3.74 


Inactive 


Proteasome 


Cantharidin 


2.81 ±0 


4.71 ± 1.33 


0.44 (40%) 


Protein phosphatase 2A 


Daunorubicin 


4.14 ±0.53 


21.83 ±19.55 


10.0(42%) 


Topoisomerase 


Digitoxin 


0.21 ±0.04 


0.06 ± 0.02 (24%) 


0.18 


Na7K + ATPase 


Digoxin 


0.27 ± 0.07 


0.11 ±0.02 (24%) 


0.58 


Na7K + ATPase 


Ecteinascidin 743 


42.06 ± 3.42 


32.65 ± 20.53 


0.02 (20%) 


DNA binding and repair pathways 


Erlotinib 


5.26 ± 3.29 


37.84 ± 23.65 (28%) 


4.95 (27%) 


EGFR tyrosine kinase 


GDC-0941 


2.58 ±0.71 


31.93 ±31.66 


Inconclusive 


PI3 kinase 


Gefitinib 


17.77 ± 9.03 


48.04 ± 38.88 


Inactive 


EGFR tyrosine kinase 


Homoharringtonine 


0.53 ± 0.53 (21%) 


Inactive 


0.79 


Protein synthesis 


Idarubicin hydrochloride 


3.05 ± 0.42 


56.46 ± 28.42 


15.84 


Topoisomerase II 


Imatinib mesylate 


26.03 ±1.76 


55.19 ± 13.57 


Inactive 


Receptor tyrosine kinase 


Irinotecan hydrochloride 


31.14 ±8.68 


38.98 ± 18.40 (29%) 


Inactive 


Topoisomerase I 


MG-132 


1.52 ±0.10 


24.14 ± 6.97 


Inconclusive 


Proteasome 


Narasin 


2.58 ± 0.83 


4.47 ± 2.65 


35.5 


Antibacterial 


Oxyphenisatin 


6.71 ± 3.89 


1.21 ±0.48 (35%) 


Inactive 


Laxative 


Plicamycin 


0.02 ± 0.002 (20%) 


Inactive 


0.35 (32%) 


Protein synthesis 


Rapamycin 


35.48 ± 4.08 


64.09 ± 20.64 


Inactive 


mTOR pathway 


Rubitecan 


0.32 ± 0.04 


0.83 ±0.21 (17%) 


7.7 (27%) 


Topoisomerase 1 


SB 202190 


27.73 ±13.16 


Inactive 


Inactive 


P38 MAPK 


SB 203580 


51.38 ± 14.31 


Inactive 


Inactive 


P38MAPK 


SB431542 


Inactive 


Inactive 


Inactive 


Activin receptor-like kinase receptors 


SF1126 (LY294002 hydrochloride) 


13.48 ±3.99 


14.54 ± 10.95 


Inconclusive 


PI3 kinase/mTOR 


Staurosporine 


0.24 ± 0.05 


3.96 ± 4.08 


7.0 


ATP-competitive kinase 


Suberoylanilide hydroxamic acid (SAHA) 


11.22 ±4.08 


Inactive 


Inactive 


HDAC 


Sunitinib malate 


30.34 ± 1.98 


48.92 ± 16.15 


Inactive 


Receptor tyrosine kinase 


Trichostatin A 


1.04 ±0.07 


6.46 ± 7.51 (23%) 


Inconclusive 


HDAC 


Trimetrexate glucuronate 


0.38 ±0.11 


Inactive 


Inactive 


Dihydrofolate reductase 


Vandetanib 


11.31 ±2.11 


41.01 ±24.09 


24.84 


EGFR and VEGFR tyrosine kinase 


Vincristine 


14.70 ± 1.87 


62.82 ± 0 


0.45 (32%) 


Microtubule 



Each IC 50 value (concentration of half the maximal inhibition) is the mean ± SD of the results from 3 to 5 experiments. Efficacy (inhibition as percent 
positive control) of drugs was listed in parenthesis if it is less 50%. 



most potent stimulator of caspase 3/7 activity, with an EC 50 value 
of 60 nM and 5 nM after 24 and 48 h treatment, respectively. 
Cantharidin (EC 50 of 0.63 |xM at 16 h, 0.79 |xM at 24 h, and 
0.34 |xM at 48 h), digoxin (EC 50 of 1.37 ixM at 16 h, 1.14 |xM 
at 24 h and 0.48 |xM at 48 h), narasin (EC 50 of 9.20 ixM at 16 h, 
11.72 |xM at 24 h, and 0.19 (JiM at 48 h), plicamycin (EC 50 of 
0.12 ijlM at 16 h, 90 nM at 24 h, and 50 nM at 48 h), staurospo- 
rine (used as a positive control for apoptosis; EC 50 of 0.96 |xM 
at 16 h, 0.94 ijlM at 24 h, and 70 nM at 48 h) and vincristine 



(EC 50 of 7.08 ixM at 16 h, 9.73 |xM at 24 h, and 20 nM at 48 h) 
also showed significantly increased caspase 3/7 activity after the 
treatment. The potency rank order of the compounds tested in 
this study is very similar between the compound cytotoxicity and 
caspase 3/7 induction in U-CH1 cells (Table 2). 

Effect of chordoma inhibitors on primary chordoma cell cul- 
tures. To further investigate the effect of the drugs on primary 
chordoma cell cultures, 3 independent primary chordoma cell 
cultures, C24, C25, and C32, obtained from 3 chordoma patient 
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Table 2. Compound potency ((jlM) in cytotoxicity and caspase 3/7 assays in U-CH1 cells 



Name 


Cytotoxicity 


Caspase, 5 h 


Caspase, 1 6 h 


Caspase, 24 h 


Caspase, 48 h 




17-Allylamino-geldanamycin 


0.11 ±0.03 


N/D 


N/D 


N/D 


N/D 




Acidum bromebricum 


32.77 ± 2.22 


Inactive 


Inactive 


Inactive 


Inactive 




BEZ-235 


2.29 ±2.9 


N/D 


N/D 


N/D 


N/D 




BIBX 1382dihydrochloride 


12.08 ± 0.79 


0.77 ± 0.05 (20%) 


3.47 ± 1.85 (44%) 


5.44 ± 0.75 


11.66 ±5.82 




Bleomycin 


0.23 ± 0.05 (42%) 


Inactive 


Inactive 


Inactive 


17.59 ±4.90 (35%) 




Bortezomib 


0.10 ±0 


Inactive 


0.93 ± 0.4 


0.06 ±0.011 


0.005 ± 0.0005 




Cantharidin 


2.81 ± 0 


Inactive 


0.63 ± 0 


0.79 ± 0.09 


0.34 ± 0.04 




Daunorubicin 


4.14 ±0.53 


N/D 


N/D 


N/D 


N/D 




Digitoxin 


0.21 ± 0.04 


N/D 


N/D 


N/D 


N/D 




Digoxin 


0.27 ± 0.07 


Inactive 


1.37 ±0.18 (32%) 


1.14 ±0.24 


0.48 ± 0.03 




Ecteinascidin 743 


42.06 ± 3.42 


N/D 


N/D 


N/D 


N/D 




Erlotinib (393.4) 


5.26 ±3.29 


0.26 ± 0.12 (20%) 


Inactive 


Inactive 


Inactive 




GDC-0941 


2.58 ±0.71 


N/D 


N/D 


N/D 


N/D 




Gefitinib 


17.77 ±9.03 


1.00 ±0.12 (27%) 


8.43 ± 3.67 (49%) 


15.27 ±0.99 


10.75 ±3.18 




Homoharringtonine 


0.53 ±0.53 (21%) 


N/D 


N/D 


N/D 


N/D 




Idarubicin hydrochloride 


3.05 ± 0.42 


N/D 


N/D 


N/D 


N/D 




Imatinib mesylate 


26.03 ±1.76 


Inactive 


Inactive 


Inactive 


Inactive 




Irinotecan hydrochloride 


31.14 ± 8.68 


Inactive 


Inactive 


Inactive 


Inactive 




MG-132 


1.52 ± 0.10 


N/D 


N/D 


N/D 


N/D 




Narasin 


"t CO ■ a m 

2.58 ± 0.83 


14.76 ± 1.88 (26%) 


9.20 ± 3.85 


11 ~7 "i i /in 

11.72 ± 1.49 


0.19 ± 0.03 




Oxyphenisatin 


6.71 ± 3.89 


Inactive 


Inactive 


Inactive 


4.22 ± 1.84 




Plicamycin 


U.U2 ± U.UU2 
(20%) 


Inactive 


0.12 ± 0.03 (35%) 


0.09 ± 0 


0.05 ± 0.003 




Rapamycin 


35.48 ±4.08 


N/D 


N/D 


N/D 


N/D 




Rubitecan 


0.32 ± 0.04 


Inactive 


1.12 ±0.13 (36%) 


0.71 ± 0.08 


1.25 ±0 




SB 202190 


27.73 ±13.16 


Inactive 


Inactive 


Inactive 


31.83 ±5.16 




SB-203580 


51.38 ± 14.31 


Inactive 


Inactive 


Inactive 


Inactive 




SB431542 


Inactive 


Inactive 


Inactive 


Inactive 


Inactive 




SF1126 (LY294002 hydrochloride) 


13.48 ±3.99 


N/D 


N/D 


N/D 


N/D 




Staurosporine 


0.24 ± 0.05 


4.34 ± 0.74 


0.96 ± 0.06 


0.94 ±0.17 


0.07 ± 0.04 




Suberoylanilide hydroxamic acid 


11.22 ±4.08 


Inactive 


5.10 ± 1.16(23%) 


11.00 ±4.14 


8.95 ±1.02 




Sunitinib malate 


30.34 ± 1.98 


Inactive 


Inactive 


Inactive 


Inactive 




Trichostatin A 


1.04 ±0.07 


N/D 


N/D 


N/D 


N/D 




Trimetrexate glucuronate 


0.38 ±0.11 


N/D 


N/D 


N/D 


N/D 




Vandetanib 


11.31 ±2.11 


7.35 ± 4.79 


14.19 ± 1.63 


21.81 ± 11.86 


18.51 ± 1.25 




Vincristine 


14.70 ± 1.87 


Inactive 


7.08 ± 0 (37%) 


9.73 ± 7.67 (49%) 


0.02 ±0.004 (41%) 





N/D, not determined. Each IC 50 or EC 50 value (concentration of half the maximal inhibition or activation) is the mean ± SD of the results from 3 to 5 
experiments. Efficacy (inhibition or activation as percent positive control) of drugs was listed in parenthesis if it is less 50%. 



donors, were used for the present study. To ensure that these pri- 
mary cultures were composed of neoplastic chordoma cells and 
not contaminating stromal cells, we first measured the expression 
of Brachyury, a highly specific biomarker for chordoma cells. 13 
Immunoblot analysis of whole-cell extracts from primary chor- 
doma cells with anti-Brachyury antibody shows that Brachyury 
is expressed in C24, C25, and C32 cells, but not in U87MG, 
a negative control (Fig. 2). U87MG is a line established from 
malignant glioma, a tumor that does not express Brachyury. 



To confirm the effect of compounds found to be active in chor- 
doma cell lines on primary chordoma cells, we determined cell 
viability by measuring intracellular ATP content in primary chor- 
doma cells, C24, C25, and C32, after 48 h of compound treatment. 
Compound activities in the chordoma lines U-CH1 and U-CH2 
and individual primary chordoma cell cultures are compared in 
Figure 3. Some drugs, including cantharidin, digoxin, digitoxin, 
staurosporine, and bortezomib, showed similar inhibitory effect 
on all the cell types, while others had inhibitory effect on cell 
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Cell names C24 C25 C32 U87MG 
Brachyury- 

P-Actin - 




Figure 2. Western blot analysis of Brachyury expression in chordoma 
primary culture cells. Protein samples (40 |j,g/lane) were prepared from 
the lysed cells, and western blot was performed with a specific Brachy- 
ury antibody. The Brachyury protein band was identified at 49 kDa. 



growth only in certain primary cultures. For example, homohar- 
ringtonine showed significant cytotoxicity in primary chordoma 
cells, C24 (IC 50 = 0.69 (jlM), C25 (IC 50 = 0.34 ixM) and C32 (IC 50 
= 0.91 u,M), with efficacy more than 80%, but marginal inhibi- 
tion on U-CH1 (IC 50 = 0.53 |xM, efficacy 21%) and no inhibi- 
tion on U-CH2 cells. Daunorubicin and idarubicin had a 10-fold 
more potent effect in U-CH1 (ICL = 4.14 jjiM for daunorubicin 
and 3.05 JJtM for idarubicin) and C25 (ICL = 2.32 (jlM for dau- 
norubicin and 1.50 (jlM for idarubicin) cells than in U-CH2 (IC M 
= 21.83 |xM for daunorubicin and 56.45 |xM for idarubicin), C24 
(IC 50 = 20.18 (jlM for daunorubicin and 65.65 u,M for idarubi- 
cin) and C32 (IC 50 = 55.27 jJtM for daunorubicin and 21.26 uM 
for idarubicin) cells. Receptor tyrosine kinases (RTKs) and their 
downstream signaling cascades have been implicated as possible 
targets involved in chordoma. 6 In this study, we found that a 
group of tyrosine kinase inhibitors including erlotinib, gefitinib, 
imatinib, sunitinib, and vandetanib had modest growth inhibitor 
activity in most of these cells, except in C24 cells where erlotinib 
and vandetanib had significant inhibitory effect with ICL of 5.26 
|xM and 5.05 uM, respectively. 

Synergistic effect of chordoma inhibitors in combination 
treatment. Given the finding that some drugs, including bort- 
ezomib (Fig. 1C) and rubitecan (Fig. 1G), were less effective in 
U-CH2 than U-CH1, we evaluated the cytotoxic effect of the 
compounds in combination with selected anticancer compounds 
and found that the potency of bortezomib against U-CH2 
improved significantly in the presence of topoisomerase inhibi- 
tors including rubitecan, camptothecin, topotecan, and doxoru- 
bicin; combination drug exposure had little differential effect on 
growth of U-CH1 cell line. The U-CH2 cell line was exposed 
to the 35 compounds in combination with 500 nM rubitecan, 
500 nM camptothecin, 500 nM topotecan, or 500 nM doxoru- 
bicin for 48 h. Figure 4A— D shows that the potency of bortezo- 
mib improved significantly in the presence of rubitecan (IC 50 = 
68.6 nM, Fig. 4A, P = 0.036), camptothecin (IC 50 = 84.7 nM, 
Fig. 4B, P = 0.036), topotecan (IC 50 = 131.1 nM, Fig. 4C, P = 
0.037), or doxorubicin (IC 50 = 377.8 nM, Fig. 4D, P = 0.044). 
There was a 10- to 50-fold increase in bortezomib 's potency in 
the combination treatments relative to bortezomib treatment 
alone (IC„ = 3.93 |xM) in the U-CH2 cell line. Similar com- 
bination studies were also performed in the primary chordoma 
cells, C24, C25, and C32. As shown in Figure 5A— L, bortezomib 
in combination with rubitecan, camptothecin, daunorubicin, or 
doxorubicin showed improved potencies in all 3 primary cell 



cultures, with an average 2- to 9-fold increase in bortezomib 's 
potency compared with bortezomib treatment alone. However, 
these effects in the primary chordoma cells, C24, C25, and C32 
were not as pronounced as that found in U-CH2 cells. This may 
be due to the fact that bortezomib treatment alone was less potent 
in U-CH2 cells (IC 50 = 3.93 |xM) than in these primary chor- 
doma cells (average IC 50 = 0.4 (jlM). 

Discussion 

In the present study, we have identified more than 20 drugs (IC 50 
< 10 |xM) that inhibited chordoma cell growth by screening a 
collection of approximately 2800 small molecule drugs that have 
been approved by regulatory agencies for human use or tested in 
clinical trials. Most of these drugs identified as chordoma inhibi- 
tors also activated caspase 3/7, in a similar rank order of potency 
to their cytotoxicity in a chordoma cell line. The correlation 
between the growth inhibition and caspase 3/7 activation poten- 
cies of these drugs suggests that the drugs may exert their cyto- 
toxic effect on chordoma cell lines via apoptosis. Among these 
drugs, bortezomib, cantharidin, digoxin, digitoxin, and stauro- 
sporine showed an inhibitory effect on both chordoma cell lines 
and all 3 primary chordoma cell cultures, while others had selec- 
tive inhibitory effect on cell growth in certain primary cell cul- 
tures. The inhibitory potencies of bortezomib against the U-CH2 
human chordoma cell line and 3 primary chordoma cell cultures 
improved significantly when combined with some topoisomerase 
I (rubitecan, camptothecin, and topotecan) or topoisomerase II 
(doxorubicin) inhibitors. The differential drug effects on these 
primary cells may provide important information for developing 
personalized medicine for chordoma treatment. The results from 
this study indicate that the drugs identified from this screening 
could be further validated with in vivo animal model testing and 
may be potentially repurposed for chordoma treatment. 

Bortezomib, a proteasome inhibitor, has been approved for 
the treatment of relapsed or refractory multiple myeloma and 
mantle-cell lymphoma. 14 One possible mechanism of bortezo- 
mib, associated with its anti-myeloma cell growth and survival, 
is its ability to inhibit NFkB signaling. Bortezomib inhibits the 
26S subunit of the proteasome, preventing IkB degradation and 
NFkB activation. 15 Bortezomib was found to induce apoptosis in 
melanoma and myeloma cells via a p53-independent induction 
of NOXA, 16 a pro-apoptotic member of the Bcl-2 family. 17 Our 
previous study also demonstrated that bortezomib inhibited the 
NFkB signaling pathway and induced caspase 3/7 activity in two 
human cervical cancer cell lines, ME180 and HeLa cells. 8 

The current study showed that the combination treatment 
of bortezomib with DNA topoisomerase inhibitors, rubitecan, 
camptothecin, topotecan, and doxorubicin showed significant 
inhibition on cell growth of the U-CH2 cell line as well as 3 pri- 
mary chordoma cell cultures. Camptothecin was first discovered 
to have anticancer activity in the 1960s. 18 It was discovered later 
that the mechanism of its anticancer action is due to the inhi- 
bition of topoisomerase I. 19 The other topoisomerase I inhibi- 
tors, topotecan and rubitecan, which are camptothecin analogs, 
are currently in clinical trials for ovarian cancer. 19,20 There are 
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Figure 3. Inhibitory effect of drugs on chordoma cell lines and patient cells. The drug activity in each cell line is colored according to potency (IC ) 
and efficacy (% inhibition) ranges. 



two types of topoisomerases, the essential enzymes in DNA 
replication, topoisomerase I and II. Topoisomerase I binds to 
super-coiled DNA and cleaves a phosphodiester bond, causing 
single-stranded breaks and religation of DNA. Topoisomerase 

I also forms a cleavable complex between the strands to allow 
for relaxation of the DNA. Camptothecin and its analogs bind 
to the cleavable complex at topoisomerase I sites and inhibit the 
re-ligation reaction of topoisomerase I. 21 Topoisomerase II func- 
tions similar to topoisomerase I except that it causes double- 
stranded breaks of the DNA in an ATP-dependent manner. 21 
Doxorubicin, an anthracycline antibiotic, targets topoisomerase 

II and is used clinically to treat multiple cancers including leu- 
kemia, soft tissue, and bone sarcoma, as well as breast cancer. 22 
Combination therapies using multiple anticancer drugs have 
become popular in the cancer field because these drugs have 
different mechanisms of action. In an age-stratified phase I 
trial, a combination of bortezomib, gemcitabine, and liposomal 
doxorubicin in patients with advanced malignancies is well tol- 
erated and demonstrated effective antitumor activity in T-cell 
lymphoma and small cell carcinoma. 23 Recently, a phase II 
trial demonstrated that the botezomib-containing combination 
treatment in elderly mantle cell lymphoma patients results in 
high complete responses and prolonged progression-free survival 
with predictable and manageable toxic effect. 24 We also found a 



synergistic inhibitory activity when using a combination of bot- 
ezomib and topoisomerase inhibitors in human chordoma cell 
lines and primary cell cultures, suggesting that this combina- 
tion drug treatment might be a future direction for chordoma 
therapy. 

Recent research efforts have begun to focus on the molecular 
targets and signaling pathways of chordoma in order to efficiently 
find anti-chordoma therapies. 6 The primary possible targets 
involved in chordoma are receptor tyrosine kinases (RTKs) and 
their downstream signaling cascades including the PI3K/AKT/ 
mTOR pathway. 6 In this study we tested several RTK inhibitors 
including imatinib, sunitnib, vandetanib, erlotinib, and gefitinib, 
PI3K/mTOR inhibitors, BEZ-235 and rapamycin, and p38 MAP 
kinase inhibitors including SB 202190 and SB 203580 on chor- 
doma cell lines and primary chordoma cell cultures. The targets 
of these broad spectrum kinase inhibitors include the vascular 
endothelial growth factor receptor, epidermal growth factor 
receptor and platelet derived growth factor receptor (ct and |3), all 
of which are expressed in chordomas. 25 Most of these drugs have 
been approved for clinical cancer treatments or clinical trials. 
Imatinib has been approved for the treatment of chronic myeloid 
leukemia (CML) and gastrointestinal stromal tumors (GISTs) 
by inhibiting BCR-Abl protein and mutant c-kit, respectively. 
Sunitinib has been used in phase I— II clinical trials for treatment 
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Figure 4. Synergistic inhibitory effect of bortezomib and topoisomerase inhibitors on U-CH2 chordoma cell line. Cell viability was measured in the 
U-CH2 cells after the treatment of bortezomib in the presence of medium ■ DMSO control), (A) rubitecan (▲), (B) camptothecin (•), (C) topotecan 
(♦), or (D) doxorubicin (▼) for 48 h. Data are expressed as mean ± SD from 3 to 5 experiments. 



of acute myeloid leukemia by targeting VEFGR and FLT3 25 and 
is approved for treatment of renal cell cancer. BEZ-235 showed 
potent antitumor activity in vivo by dual inhibition of the PI3K 
and mTOR pathways 26 and is currently in phase I and II clinical 
trials for treatment of advanced solid tumors. Rapamycin and 
its analogs, which target mTOR, are already in clinical use for 
treating cancers including renal cell carcinoma. 27 In this study we 
found that BEZ-235 had a more potent inhibitory effect on chor- 
doma cell growth than rapamycin, suggesting that dual inhibi- 
tion of PI3K and mTOR may have a synergistic inhibitory effect 
on chordomas. However, RTK inhibitors, imatinib, sunitnib, 
vandetanib, erlotinib, and gefitinib, had only moderate inhibi- 
tory effects on chordoma cells. SB 202190 and SB 203580, which 
are p38 MAPK inhibitors and SB431542, a TGF-(3 receptor 
inhibitor, had minimal or no effect on the growth of chordoma 
cells. These results suggest that chordoma cell growth is depen- 
dent on signaling through an as yet unidentified kinase upstream 
ofPI3K and mTOR. 

In summary, we have identified several clinically approved 
drugs and combinations of drugs that may have potential clinical 
application for the treatment of chordomas. In the next step, the 
drugs identified in this study that inhibited chordoma cell growth 
will be further investigated in chordoma xenograft models cur- 
rently under development and validation. The significance of 
this study is to identify clinically approved drugs and drug com- 
binations that can be repurposed as chordoma therapies. These 



results support designing clinical trials for treatment of chordoma 
patients utilizing these drugs singly or in combination with the 
therapies guided by publicly available human safety data. 

Materials and Methods 

Cell line and culture conditions. Human chordoma cell lines 
U-CH1 9 and U-CH2 10 were kindly provided by Dr Silke 
Bruderlein (Institute of Pathology, Ulm University). Cell line 
CCL4, which is human cell line not derived from chordoma, 10 
was kindly provided by Dr Chris Hunter (University of Calgary). 
Human primary chordoma cell cultures C24, C25, and C32 were 
obtained from chordoma patient donors through an Institutional 
Review Board approved protocol at the University of Pittsburgh 
Medical Center. Both U-CH1 and U-CH2 cells were seeded 
in gelatin-coated flasks and cultured in IMDM/RPMI (4:1) 
medium supplemented with 10% heat inactivated fetal bovine 
serum, 100 U/mL penicillin and 100 u,g/mL streptomycin. 
Primary chordoma cells were cultured in DMEM medium sup- 
plemented with 10% heat inactivated fetal bovine serum, 100 U/ 
mL penicillin, 100 fig/mL streptomycin and 20 ng/mL human 
PDGF AB (R&D Systems). All cell culture media and reagents 
were obtained from Invitrogen. The cells were maintained in a 
37 °C incubator with 5% C0 2 and under a humidified atmo- 
sphere, except for the human primary chordoma cells that were 
cultured in a 37 °C incubator with 5% C0 2 /1% 0 2 . 
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Figure 5. Synergistic inhibitory effect of bortezomib and topoisomerase inhibitors on chordoma patient cells. Cell viability was measured in the C24 
(A-D), C25 (E-H), or C32 (l-L) cells after the treatment of bortezomib in the presence of medium ■ DMSO control), rubitecan (a), camptothecin (•), 
daunorubicin (♦) or doxorubicin (t) for 48 h. Data are expressed as mean ± SD from 3 to 5 experiments. 



NCGC pharmaceutical collection and additional com- 
pounds used in this study. The NCGC Pharmaceutical 
Collection (NPC) was constructed and prepared as previously 
described. 7 Briefly, the NPC at the time of this study consisted 
of 2816 small molecule compounds, of which 52% are drugs 
approved for human or animal use by the United States Food 
and Drug Administration (FDA), 22% are drugs approved in 
Europe, Canada, or Japan, and the remaining 25% are drugs 
approved in other countries or compounds that have been tested 
in clinical trials. 

The compounds were prepared in dimethylsulfoxide (DMSO) 
to a stock concentration of either 4.5 or 10 mM stock solutions. 
The compounds were prepared first in 96- or 384-well plates and 



then consolidated into 1536 well plates using an Evolution P3 
system (PerkinElmer, Inc.). For use in quantitative high through- 
put screening, each compound in the NPC compound library 
was prepared at 15 2.23-fold serial dilutions. After dilutions, the 
NPC plates were stored desiccated at room temperature for as 
long as 6 mo when in use, or heat sealed and stored at -80 °C for 
long-term storage. 8 

Acidum bromebericum, cantharidin, daunorubicin, digitoxin, 
digoxin, idarubicin hydrochloride, narasin, plicamycin, rubitecan, 
SF1126, and staurosporine were purchased from Sigma-Aldrich. 
BIBX 1382 dihydrochloride, homoharringtonine, rapamycin, 
SB202190, SB431542, trichostatin A, and trimeterxate glucuro- 
nate were purchased from Tocris Bioscience. Erlotinib, imatinib, 
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and vandetanib were purchased from Sequoia Research Products. 
Allylamino-17-demethoxy-geldanamycin (17-AAG), bortezo- 
mib, and sunitinib malate were purchased from LC Laboratories. 
BEZ-235 and suberoylanilide hydroxamic acid were purchased 
from Toronto Research Chemicals, Inc. SB203580 and vincris- 
tine were purchased from Enzo Life Sciences, Inc. Bleomycin was 
purchased from MicroSource Discovery Systems, Inc. GDC-0941 
was purchased from Axon Medchem B. Gefitinib was purchased 
from AKos Consulting & Solutions GmbH. Irinotecan was pur- 
chased from ChemPacific Corp. Oxyphenisatin was purchased 
from Labotest. MG-132 was purchased from AG Scientific Inc. 
Ectinascidin 743 was provided by the National Cancer Institute. 

Cell viability assay and qHTS. Cell viability of U-CH1, 
U-CH2 and CCL4 cells, was measured using a luciferase- 
coupled ATP quantitation assay (CellTiter-Glo viability assay, 
Promega) after compound treatment. The change in intracellular 
ATP content indicates the number of metabolically competent 
cells. The cells were suspended in culture medium and dispensed 
at 500 to 1000 cells in 5 (JtL media per well in 1,536-well white/ 
solid bottom plates (Greiner Bio-One) using a Flying Reagent 
Dispenser (FRD) (Aurora Discovery). After the cells were incu- 
bated at 37 °C overnight, 23 nL of compounds at 15 concen- 
trations from the NPC was transferred to the assay plate by a 
pin tool (Kalypsys). The final concentration of the compounds 
in the 5 ui assay volume ranged from 0.6 nM to 46 u,M. The 
positive control plate format was as follows: Column 1, potas- 
sium dichromate, a cytotoxic agent, 28 ranged from 2.8 nM to 
92 uM; column 2, staurosporine, a caspase 3/7 inducer, 29 ranged 
from 2.8 nm to 92 uM; column 3, DMSO only; and columns 
4, 92 ijlM potassium dichromate. The plates were incubated 
for 48 h at 37 °C, followed by the addition of 5 |JlL per well of 
CellTiter-Glo reagent. After 30 min incubation at room tempera- 
ture, the luminescence intensity of the plates was measured using 
a ViewLux plate reader (PerkinElmer). 

In the follow-up study, 35 selected active drugs were re-tested 
in U-CH1 and U-CH2 cell lines and evaluated in primary 
human chordorma cells C24, C25, and C32 using 24 drug con- 
centrations ranging from 5.5 pM to 46 |JlM in the cell viability 
assay protocol described above except that the 24 point titrations 
were within one 1536-well plate. 

In the drug combination study, these 35 compounds were 
tested in U-CH1, U-CH2, C24, C25, and C32 cells using the 
same protocol as above in the presence of a single concentration 
around the IC 20 value of one of the following compounds: BIBX 
(300 nM), bortezomib (5.2 nM), rapamycin (20 nM), SAHA 
(950 nM), erlotinib (120 nM), topotecan (500 nM), camptothe- 
cin (500 nM), rubitecan (500 nM), daunorubicin (500 nM), and 
doxorubicin (500 nM). The combination treatment with two 
drugs was performed simultaneously. The statistical significance 
of the IC 50 differences between single and combination treatment 
was evaluated by a Student t test. Values of P < 0.05 were consid- 
ered significant. 

Caspase 3/7 assay. Caspase 3/7 activity was measured as pre- 
viously described. 30 U-CH1 and U-CH2 cells were dispensed in 



culture medium at 500 to 1000 cells in 5 (JtL per well in 1536- 
well white/solid-bottom assay plates. The cells were incubated a 
minimum of 5 h at 37 °C. The compounds (23 nL per well) were 
added via the pin tool. Treated cells were incubated for 16 h at 37 
°C, followed by the addition of the Caspase-Glo 3/7 (Promega) 
reagent at 5 (JtL per well. After 30 min incubation at room tem- 
perature, the luminescence intensity of the assay plates was mea- 
sured using a ViewLux plate reader. 

Immunoblot and expression analyses of Brachyury in 
human primary chordoma cells. Protein immunoblot analyses 
were performed as previously described. 31 Briefly, proteins were 
separated by SDS-PAGE and transferred to nitrocellulose mem- 
brane. Membrane was blocked with 5% nonfat dry milk in PBS- 
Tween-20 (0.1%, v/v) at 4 °C overnight and incubated for 2 h 
with Brachyury antibody (R&D Systems, AF2085), at a dilution 
recommended in the manufacturer's instructions. Horseradish 
peroxidase conjugated anti-mouse IgG was used as the secondary 
antibody. Immunoreactive proteins were visualized by chemilu- 
minescence (ECL). 

qHTS data analysis. Concentration response data were ana- 
lyzed as previously described. 28 Briefly, data from raw plate reads 
for each titration point were normalized to the neutral (DMSO, 
0%) and positive (92 u,M potassium dichromate, -100%) con- 
trols and corrected by applying a NCGC in-house pattern cor- 
rection algorithm. Concentration response curves were fitted to 
the Hill equation yielding concentrations of half-maximal inhi- 
bition (IC 50 ) and maximal cytotoxicity (efficacy) values. The 
concentration response curves were classified into four major 
classes (1-4) using previously published criteria. 28 Curve classes 
were further subdivided to provide more detailed classification. 
Briefly, compounds with curve class 1.1, 1.2, 2.1, or 2.2 (efficacy 
>50%) were considered active. Class 4 compounds with no con- 
centration response were defined as inactive and compounds with 
other curve classes were defined as inconclusive. The compounds 
active in any chordoma lines were further prioritized based on 
their activity, selectivity relative to the CCL4 control cell line 
(i.e., more potent in the chordoma line than the CCL4 line), and 
the mechanism of action, resulting in a total of 60 compounds 
selected for confirmation in U-CH1 and U-CH2 cells. Among 
these 60 compounds, staurosporine, SB-202190, SB-203580, and 
SB-431542, which were not tested in the primary screening, were 
also selected based on their mode of action. In addition, 35 com- 
pounds were purchased from commercial vendors and re-tested 
in all the chordoma cells. 
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